Polyaniline (PANI) onto indium-doped tin-oxide (ITO)-coated glass samples were prepared by electroopolymerization in 0.5 M H 2 SO 4 solution. Structure and morphology characterization of the PANI films demonstrated that the films were grown onto ITO substrates in the form of polycrystalline microbelts separated by micropores. By analysing the UV-Vis absorption spectra of the PANI films, the energy bandgap was found to be approximately 2.75 eV. The PANI/ITO films exhibited a good reversible electrochromic display (ECD) performance when cycled in 0.1 M LiClO 4 + pro-pylene carbonate. The response time of the ECD coloration was found to be as small as 15 s and the coloration efficiency was found to be 8.85 cm 2 × C −1 . After 100 cycles of the ECD performance, the cyclic voltammetry curve of the working electrode maintained unchanged. This demonstrates that the electropolymerized PANI films can be served as a good candidate for ECD applications, taking advantage of their excellent properties in terms of chemical stability.
Introduction
The properties of the electrochromic display (ECD) of almost all the transition-metals oxides have been investigated [1] . These oxides films can be colored anodically (Ir, Ni) or cathodically (W, Ti). Together with inorganic materials, conducting polymers have also been intensively studied for polymer electrochromic devices (PECDs) [2] . Besides, conjugate polymers have been used for other applications such as polymer conductors [3] , elec-tronic components [4] [5] , organic light-emitting diodes (OLED) [6] and solar cells (OSC) [7] . This is because conjugate polymers exhibit valuable advantages, such as thermal stability, low cost and easy preparation. Among the PECD materials, polyaniline (PANI) is widely used. There are some works focusing on PANI/ITO thin films for electrochemical supercapacitor applications. For example, the PANI films with different thicknesses and nanostructures were synthesized onto ITO substrates by using an electrodeposition technique using selenious [8] or sulfuric acid [9] . PANI has three main stable oxidation states: the fully reduced leucoemeraldine form, the 50% oxidized emeraldine form, and the fully oxidized pernigraniline form. Each of these states can exist in the form of its base or in the form of its protonated salt by subtracting or adding protons which does not modify its oxidation state. So that PANI is a multi-colour electrochromic material, such as transparent yellow for the leucoemeraldine form, green for the emeraldine salt form (ES), blue for the emeraldine base form (EB), and black for the pernigraniline form. With doping, the conductivity of PANI can reach a value from 10 −10 to 10 Ω −1
•cm −1 [10] . The conductivity of PANI films mainly depends on the oxidation state, pH of the electrolyte and the type of dopant used for protonation [11] . PANI exhibits reverse electrochromic performance; it is able to switch from a transparent yellow state to a green one, according to reduction and oxidation processes [12] .
In this work, we report the investigation results on the structural, optical, morphological and electrochromic properties of PANI thin films prepared by electropolymerization in H 2 SO 4 solution.
Experimental
Analytical reagent grade aniline and sulfuric acid (H 2 SO 4 ) were used for the electropolymerization of PANI in an aqueous solution. 10 Ω indium-doped tin-oxide (ITO)-coated glass was used for substrates. Electrochemical processes were carried-out by using an AUTOLAB-Potentiostat PGS-30 electrochemical unit in a standard three-electrode cell, where PANI/ITO served as working electrode (WE), Ag/AgCl as reference electrode (AAE) and a platinum grid as counter electrode (CE). The electrolyte used for electropolymerization was composed of aqueous solution of 0.1 M aniline and 0.5 M dopant sulfuric acid. PANI thin films were electropolymerized by sweeping the potential between −0.20 V and +1.20 V/AAE for 10 numbers of scans. All the prepartion experiments were performed at room temperature without stirring. The as-deposited PANI films were dried in gaseous nitrogen and kept in a clean glove-box until use for further properties characterization. The electrochromic performance was carried out on the same PGS-30 potentiostat, using 0.1 M LiClO 4 + propylene carbonate (LiClO 4 + PC) solution for electrolyte.
The surface morphology was studied using a Hitachi "S-4800" field-emission scanning electron microscope (FE-SEM). X-ray diffraction analysis (XRD) was done on a Brucker "Advance-8D" X-ray diffractometer. Optical absorption measurements were carried using a JASCO ultraviolet-visible-near infrared (UV-Vis-NIR) "V-570" spectrophotometer. By using this photospectrometer, in situ transmittance spectra of PANI/ITO in LiClO 4 + PC vs. polarized potentials were recorded on the PANI/ITO films as the WE mounted into a modified electrochemical cell which was placed under the pathway of the laser beam. All measurements were executed at room temperature.
Results and Discussion
The PANI films electropolymerization process in H 2 SO 4 solution was strongly dependent on both the concentration of H 2 SO 4 , the scan rate and the range of the potentials used. Figure 1 shows typical cyclic voltammograms (CVs) of best samples obtained in the PANI films electropolymerization processes. The electrolyte contains 0.1 M aniline monomer with 0.5 M concentration of H 2 SO 4 . The CVs were recorded for 10 successive cycles at a scan rate of 50 mV/s for potential range from −0.20 to +1.20 V/AAE. A high redox peak appeared at ~1.15 V/AAE for the first cycle of CV. According to report in [13] , this peak is associated with the oxidation of aniline oligomers. We also observed the decrease in growth rate upon repeating the potential cycle, as in [14] the authors explained this phenomenon by the poor electrochemical activity of the PANI film formed on the electrode surface due to the difficulty in maintaining the protonated and doped structures of the polymers. The successive anodic scan shows the presence of three distinct peaks which are marked as "a", "b" and "c" attributing to the oxidation of fully reduced form of PANI (leucoemeridine) to its polaron form, oxidation of intermediate species, and final transition from delocalized polaronic state to bipolaron or quinoid form, respectively [14] . The potential of peak "a" is shifted toward higher anodic side with successive scanning could be due to the degradation of PANI deposited in the previous scan. After completing 10 cycles, greenish-colored thin films were deposited which confirms the formation of ES of PANI. The thickness (d) of the film measured on a profilometer (Deltak 6 M) was about 200 nm.
The crystalline structure of the PANI/ITO sample was checked by using an accessory for films with a small angle of the X-ray incident beam. For such a thin PANI film, some XRD patterns of the ITO substrate also appeared. Thus the XRD diagram shows both the diffraction peaks of ITO substrate and PANI film.
Indeed, in Figure 2 there are four diffraction peaks revealed which are quite consistent with the peaks of the atomic distances for a crystalline phase of In 2 O 3 -the host lattice of the ITO. Two intense bands observed approximately at 2θ of 15.5˚ and 24.3˚ confirmed the synthesis of ES of PANI [15] .
The crystallinity of PANI thin film deposited in the presence of 0.5 M H 2 SO 4 was found to be improved due to the change in surface morphology and compactness. The value of full width half maximum calculated for the peak at 2θ = 24.3˚ was of as small as 0.06˚. Indeed, we observed the change in the morphology as well as compactness for the PANI film deposited in 0.5 M concentration of H 2 SO 4 by means of FE-SEM micrographs.
The morphology of the PANI films electropolymerized in the presence of 0.5 M concentration of dopant acid is shown in Figure 3 . The microbelts of diameter approximately 200 nm are formed. The film was compact and fully deposited all over the substrate, this could be explained due to the high current flow from electrolyte to the electrode. Between the microbelts there are numerous pores served as the microcanals that constitute a factor favouring ions faster insert (extract) in (out of) the PANI films. This may improve both the response time and the performance efficiency of the electrochromic coloration.
The optical absorption spectra are often used to investigate the oxidation state of PANI. Figure 4 shows the optical absorption spectra of a PANI film obtained during the electropolymerization at 0.5 M concentration of 0.5 M H 2 SO 4 at a fixed scan rate of 50 mV/s. Three strong absorption peaks attributed at 328, 420 and 789 nm correspond to the formation of PANI in ES form. The peak observed at 317 nm is attributed to the transition of electrons from the highest occupied molecular orbital (HUMO) to the lowest unoccupied molecular orbital (LUMO) which is related to the π-π* electronic transition [16] . The other two absorption peaks observed at about 320 and 789 nm are associated with the polaron and bipolaron band transitions of PANI, respectively [16] . It is known that the polaron and bipolaron are the charge carriers in conducting PANI.
UV-Vis data can be used to estimate the energy bandgap, E g , of the PANI films by using the following expression [17] .
where h is Planck's constant, ν is the frequency of the incident UV-Vis radiation, A is a constant and n is 1/2 for direct band semiconductors and 2 for indirect band gap semiconductors. As expected, best fits were obtained for n = 2 (indirect band). A graph is plotted between (αhν) 2 or the square of (αhν) and αhν (as abscissa), a straight line is obtained.
From the extrapolation of the straight line to (αhν) 2 = 0 axis one can determine the bandgap of the investigated sample. Thus from our experiments, the energy gap of PANI films deposited by electropolymerization in the presence of 0.5 M concentration of H 2 SO 4 was found to be of approximately 2.75 eV (Figure 5 ). This value is comparable to that for PANI prepared by redox polymerization of aniline using ammonium persulphate, (NH 4 ) 2 S 2 O x , as dopant [18] . Figure 6 shows the cyclic voltammetry (CV) curve in 0.1 M LiClO 4 + PC of a PANI/ITO film, the CV spectra being recorded at the fifth cycle. Such a curve is typical of films prepared in our studies with a thickness of 200 nm. From this figure one can see the symmetrical shape of the CV spectra toward the coordinates (x = 0.5; y = 0.2). In the positive sweep direction (PSD) a peak of the anodic current density corresponding to a value of ca. 0.64 mA was obtained at a potential of 0.75 V/AAE. A negative value (−0.22 mA) of the peak in the negative sweep direction (NSD) was obtained at a potential of 0.35 V/AAE. The symmetrical CV proves a good reversibility of the processes of ( 4 ClO − ) ion insertion/extraction from the electrolyte into /out of the working electrode (PANI/ITO). During the oxidation, the 4 
ClO
− ions of LiClO 4 /PC electrolyte solution were injected to the PANI thin film. During the reduction, the 4 
− ions of LiClO 4 /PC electrolyte solution were excluded the PANI thin film. The overall reaction, involving ion insertion (extraction) in (out of) the PANI film to balance the charge, can be represented as follows [19] : 
ANI n ny ClO ANI y ClO n nye Light Green Green
where n is the number of repeated units and y is the stoichiometric number of the counter ion.
To study the electrochromic performance, a device with the structure of Glass/ITO/Electrolyte/PANI/ITO/ Glass (abbreviated to Pani-ECD) was prepared.
The LiClO 4 + PC electrolyte was dropped onto the working electrode with a 1 × 1 cm 2 active area and thickness of the electrolyte was fixed at the same value of the thickness of the Scotch tape (i.e. ~50 µm).The PANI/ ITO and ITO/Glass electrodes of the device were connected to WE and CE of the PGS-30 with a polarized potential of −0.5 V and + 1.5 V. For the device with a 200 nm-thick PANI film, the in situ transmission spectra obtained during electrochromic performance are given in Figure 7 . The completely coloured (curve "a") and bleached (curve "b") states occurred considerably fast, after approximately 15 sec and 5 sec, respectively. The PANI/ITO has the maximum optical transmittance variation, ΔT (%), which was larger 40% at 530 nm.
To evaluate the electrochromic coloration efficiency (η) we used a well-known expression relating the efficiency with the optical density, consequently the transmittances of coloration (T c ) and bleaching states (T b ), and the insertion charge (Q) are as follows [20] :
In our experiments Q = 0.14 mC × cm −2
. At a wavelength of 530 nm, T b = 62% and T c = 18%, thus the coloration efficiency was found to be of ~8.85 cm
. In the visible range of wavelengths all the values of η found are comparable to those for PANI/ITO/Glass that was electropolymerized in 2 M HCl solution [21] and a little higher than those for PANI/ITO/Glass prepared by electrochemistry [22] .
To investigate the durability of the PANI films, a PANI/ITO/Glass of 1.0 cm 2 in size was measured in 0.1M LiClO 4 + PC. The scanning potentials range was from −0.5 to + 2.0V/AAE and a number of the cycles was chosen as large as 100 cycles. The CV curves recorded from the first to hundredth cycle are shown in Figure 8 . From the fifth to tenth cycle, in both the PSD and NSD the current density in absolute value was found to slightly increase; it then slowly decreased. After 100 cycles, the CV curve was maintained unchanged and the current density of the CV peak lowered to a value of ~90% of the initial value (at the saturation coloration state, i.e. at the tenth cycle of the cyclic voltammetry). This demonstrates that the 4 
− insertion (extraction) into (out of) the porous PANI films could be easily performed. For the TiO 2 /ITO films deposited by the sol-gel technique, the time to get a saturated state of coloration was as large as 45 min for a sample size of 1 cm 2 [23] . In the present work, the PANI/ITO was coloured very rapidly for a sample of the same size. The saturated coloration was reached about 15 sec after a negative potential of −1.20 V/AAE was applied to the WE in the 0.1 M LiClO 4 + PC electrolyte. A deep green colour was observed in the coloration state and a light green (bleached state) was obtained after less than 5 sec. , respectively. The results of the ECD performance for 100 cycles showed that electropolymerized PANI thin films possess a long durability. Thus polyaniline thin films can be served as a good candidate for ECD applications, taking advantage of their excellent properties in terms of chemical stability.
Conclusions

